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Abstract
The influence of E. coli rough lipopolysaccharide chemotype on the membrane
activity of the mammalian antimicrobial peptides (AMPs) human cathelicidin (LL37)
and bovine lactoferricin (LFb) was studied on bilayers using solid state 2H NMR
(ssNMR) and on monolayers using the subphase injection technique, Brewster angle
microscopy (BAM) and neutron reflectivity (NR). The two AMPs were selected because
of their differing biological activities. Chain-deuterated dipalmitoylphosphatidylcholine
(d62-DPPC) was added to the LPS samples, to highlight alterations in the system
1
properties caused by the presence of the different LPS chemotypes and upon AMP
challenge. Both LPS chemotypes showed a temperature dependent influence on the
packing of the DPPC molecules, with a fluidizing effect exerted below the DPPC
phase transition temperature (Tm), and an ordering effect observed above the Tm.
The magnitude of these effects was influenced by LPS structure; the shorter Rc LPS
promoted more ordered lipid packing compared to the longer Ra LPS. These differential
ordering effects in turn influenced the penetrative activity of the two peptides, as the
perturbation induced by both AMPs to Ra LPS-containing models was greater than
that observed in those containing Rc LPS. The NR data suggests that in addition to
penetrating into the monolayers, both LL37 and LFb formed a non-interacting layer
below the LPS/DPPC monolayer. The overall activity of LL37, which showed a deeper
penetration into the model membranes, was more marked than that of LFb, which
appeared to localise at the interfacial region, thus providing evidence for the molecular
origins of their different biological activities.
1 Introduction.
The external leaflet of the outer membrane (OM) of Gram-negative bacteria is mainly
composed of the essential, negatively charged, macroamphiphile lipopolysaccharide (LPS). In
bacteria under physiological conditions, OM LPS is cross-linked with Mg2+ ions and acts as
first line of defence against environmental perturbations, competing microorganisms and in the
case of symbiotic bacteria, against the hosts immune system.1–4 The protective role of the OM
affects also the microbicidal activity of drugs used in the treatment of bacterial infections3,5
leading to a reduced susceptibility of Gram-negative bacteria to common antiseptics and
antibiotics compared with Gram-positives.6,7 By virtue of their ability to effectively breach
the barrier of the OM, particular attention has been paid to antimicrobial peptides (AMPs)
as possible therapeutics or adjuvant treatments for highly resistant microbial infections.8,9
Different Gram-negative bacterial strains may express structurally diverse LPS chemotypes
(Figure 1) with distinct physico-chemical properties which impart different characteristics to
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the OM.10 Mutant strains expressing truncated, so-called Rough LPS chemotypes are more
susceptible to antibiotics, when compared to the wild-type, and, because of this enhanced
vulnerability they are considered to be suitable for peptide-membrane interaction studies
designed to elucidate the mechanism of action of AMPs on the OM.4,11 The membrane
disrupting activity of AMPs depends on the active conformation adopted by the peptides as
well as the composition of the membrane.12 To date however, AMP-membrane interaction
studies have largely ignored the effect of LPS on membrane models.13–16
In this study we have investigated the influence of both peptide conformation and LPS
chemotype on their molecular interactions, using the α-helical human peptide cathelicidin
(LL37) and the β-sheet-forming bovine lactoferricin peptide (LFb) together with two LPS
chemotypes from E. coli rough mutants. The range of MIC values for for LL3717,18 and
LFb19–21 can vary largely across literature depending on the E. coli strain and the test
conditions used. The reported MIC values for LL37 and LFb against th smooth E. coli
ATCC 25922 are respectively ∼0.6 µM22 and 10 µM,23 suggesting that LL37 is ∼16 times
more active than LFb. With regard to their mechanisms of action, both peptides have
been shown to interact with, perturb and eventually permeabilize both natural bacterial
membranes and synthetic lipid membranes.20,24–29 LPS has been shown to be a determinant
for LL37 and LFb binding and activity,30–34 making an investigation into their molecular
interactions with the OM a key step in understanding their different efficacies against E. coli
(and possibly other Gram negatives). The realisation of such an investigation necessitates
the use of suitable OM mimetics which will remain stable over the timescales needed to
conduct biophysical experiments. For example, LPS has been successfully incorporated into
planar artificial membrane mimetics stabilised with dipalmitoylphosphatidylcholine (DPPC),
for use in neutron reflectivity studies.35 For the interaction studies presented here, the OM
mimetics used were monolayers and multilamellar liposomes composed of mixtures of E. coli
EH100 Ra LPS or E. coli J5 Rc LPS (Figure 1), together with chain-deuterated and fully
hydrogenated DPPC. The DPPC provides a platform into which to anchor the LPS chains
without imposing any additional packing constraints on planar membrane mimetics, due
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to its cylindrical molecular shape. The zwitterionic nature of DPPC reduces the likelihood
of any direct electrostatic interaction with AMPs , allowing us to focus on the interactions
promoted by the LPS alone.
The order parameters of the fatty acyl moieties of the chain-deuterated d62-DPPC within
multilamellar liposomes were used in this study to examine the influence of LPS on bilayer
order in solid state 2H NMR (ssNMR) experiments.36 Liposomes containing mixtures of
h-DPPC and d62-DPPC with either J5 Rc LPS or EH100 Ra LPS were analysed by ssNMR
in order to examine the effects of the two LPS chemotypes on bilayer packing, thus aiding
the understanding of the structural role of LPS in the OM of bacteria. The same technique
was also used to study the effect of the interaction of the two AMPs on the DPPC acyl chain
order parameters of the liposomes in the presence of 20 mol% LPS.37
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Figure 1: Chemical structure of the Rough LPS chemotypes Ra EH100 and Rc J5. Adapted
from Inagaki et al.38 SUgars in red are not present in the Rc J5 LPS chemotype.
Mixed monolayers of Rough LPS chemotypes and d62-DPPC were studied in neutron
reflectivity (NR) and Brewster angle microscopy (BAM) experiments in order to characterize
their behavior at the air/liquid interface.39 Monolayers were also used to study the kinetics
and magnitude of peptide interactions with each LPS chemotype following subphase injection,
and in order to determine the length of time needed to allow equilibrium to be reached in
the subsequent NR studies, following challenge by AMPs.13,40–42
These biophysical observations on the role of LPSs in the membrane models were devised to
elucidate the stabilizing role of different rough LPS chemotypes on the OM structure as well
as their influence on the activities of LL37 and LFb.
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2 Experimental section.
2.1 Materials.
Rc LPS from E. coli J5 (impurities: protein 1.4%, nucleic acid 0.340%), was obtained from
Merck KGaA (Darmstadt, Germany) and was used without further purification. LPS from E.
coli EH100 was obtained from Sigma-Aldrich Ltd. (Dorset, U.K.) and used after purification
following the method described elsewhere.30 LL37 peptide was obtained from GenScript USA
Inc. (Piscataway,USA) with a purity >94%. The LFb peptide was obtained from Alpha
Diagnostic International Inc. (Sant Antonio, USA) with a purity >90%. Both peptides
were used as supplied. Deuterium oxide D2O 99.990 atom % D and MgCl2 anhydrous
were also supplied by Sigma Aldrich Ltd. The lipids, hydrogenated 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (h-DPPC) and chain deuterated 1,2-dipalmitoyl-d62-sn-glycero-3-
phosphocholine (d62-DPPC) were obtained from Avanti Polar Lipids (Alabaster, USA) and
used without further purification. Chloroform and methanol were obtained from Fisher
Scientific (Loughborough, U.K.). Ethanol (99%) was obtained from VWR International
(Lutterworth, U.K.). All the organic solvents used were of analytical grade or better. The
ultrapure water at 18.2 MΩ · cm was obtained from a Purelab Ultra machine from ELGA
Process Water (Marlow, U.K.). Whatman chromatographic paper No.1 from Merck KGaA
(Darmstadt, Germany) was used to produce the Wilhelmy plates required for the monolayer
surface pressure measurements.
2.2 Solid state 2H NMR measurements.
The phospholipid/LPS mixtures used to produce the multilamellar liposomes for the 2H
NMR experiments contained 30 or 40 mol% d62-DPPC in lieu of the equivalent amount
of h-DPPC. The pure DPPC lipid mixture contained 40 mol% d62-DPPC with 60 mol%
h-DPPC. The lipid mixtures Eh-20 and J5-20 contained 20 mol% of either Ra EH100 LPS or
Rc J5 LPS respectively, 30 mol% of d62-DPPC and 50 mol% h-DPPC, giving a total mass of
4 mg with 80 mol% phospholipid and 20 mol% LPS. A summary of the acronyms used to
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Table 1: Acronyms used for each sample in the experiments and relative compositions.
Experiment Acronym Composition (in mol%)
ssNMR
DPPC 40% d62-DPPC
a + 60% h-DPPCb
Eh-20 30% d62-DPPC + 50 % h-DPPC + 20% LPS EH100
J5-20 30% d62-DPPC + 50 % h-DPPC + 20% LPS J5
Langmuir
monolayers
DPPC 100% h-DPPC
Eh-20 80% h-DPPC + 20% LPS EH100
J5-20 80% h-DPPC + 20% LPS J5
Neutron
reflectivity
h-Eh-20c 80% h-DPPC + 20% LPS EH100
h-J5-20 80% h-DPPC + 20% LPS J5
d-Eh-20c 80% d62-DPPC + 20% LPS EH100
d-J5-20 80% d62-DPPC + 20% LPS J5
a chain deuterated 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (d62-DPPC);
b
hydrogenated 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (h-DPPC); c h or d at the
beginning of the acronym are used to indicate respectively the use of h-DPPC or d62-DPPC
in the mixture
describe the lipid/LPS mixtures used in the experiment and their relative compositions is
reported in Table 1. The composition of the vesicles in consistent with the composition of
the monolayers used in the Langmuir monolayers and NR experiments. Where necessary,
at the mixing stage, the peptides were added to the lipid mixture solutions to give final
lipid/peptide molar ratios of either 50:1 or 100:1, from solutions prepared in ethanol. The
mixtures were bath-sonicated for 5 minutes at 22◦C temperature in an Elmasonic P ultrasonic
bath (Elma Hans Schmidbauer GmbH & Co. KG, Singen, Germany) at a frequency of 37
kHz and 320 W power to ensure the homogenization of the lipids. The organic solvents
were thoroughly evaporated under vacuum by the use of a Buchi R-210 rotory evaporator
(Buchi Labortechnik AG, Flawill, Switzerland) connected to a KNF Lab Neuberger Laboport
Diaphragm Vacuum Pump UN840.3 FTP (KNF Neuberger UK, Witney, UK) and equipped
with a Buchi waterbath at 40◦C , and then by storage in a desiccation chamber under vacuum
for 12 hours. The dry lipid/LPS and lipid/LPS/peptide films were resuspended in 4 mL
of 10 mM TRIS, 1 mM MgCl2, pH 7.4 buffer to give a final total lipid concentration of 1
mg/mL. At this stage, to ensure the complete resuspension of the films, they were placed
in an ultrasonic bath for 10 min at 22◦C with constant sonication at 37 kHz and 320 W
6
power. In order to produce multilamellar liposomes the lipid suspension was subjected to 5
freeze-thaw cycles43 by freezing the samples in liquid nitrogen forming a thin layer on the
sides of the flask and then thawing the samples in a water bath at 40◦C . The resulting
suspension was centrifuged at 15000×g for 30 min to obtain a dense white pellet containing
the liposomes.37
The pellets were transferred into a Bruker 4 mm Magic Angle Spinning (MAS) rotor.
Deuterium quadruple echo experiments on a Bruker Advance 400 NMR spectrometer were
performed at 61.46 MHz using a 4 mm MAS probe. The spectral width of 100 KHz was
used with a recycle delay of 0.25 s, echo delay of 100 µs, acquisition time of 2.6 ms and 90◦
pulse lengths of 3 µs. Experiments were performed at 45◦C , just above the Lβ to Lα phase
transition temperature of the DPPC and LPSs, to ensure that the acyl chains were in the
fluid phase.44 The acquired spectra were dePaked using the Amix software package (Bruker)
to determine the quadrupolar splittings36 and then fitted with the software PeakFit using
mixed Gaussian-Lorentzian fit (r2>0.997) to obtain the smoothed deuterium order parameter
(SCD) profile plotted against the carbon number in the chain.
37 2H NMR experiments were
performed once only since each experiment requires 12-24 hrs of FID accumulation. The
time averaging and high sensitivity of the 2H quadrupolar coupling ensures a highly precise
measurement where even small differences in lipid acyl chain order are detectable. Importantly,
the shape of the powder pattern obtained is an essential internal control as, in addition to
the order parameter obtained from the quadrupolar coupling, it indicates that the DPPC
remains in a fluid lamellar phase. Details of the ssNMR data analysis are reported in the
supporting information.
2.3 Langmuir monolayers at the air/liquid interface.
Pressure-Area (P − A) isotherm measurements were carried out at 22 on a Nima Langmuir
trough 602A (Nima Technologies Ltd., Coventry, U.K.). Prior to use, the polytetrafluoroethy-
lene (PTFE) surface of the trough was extensively cleaned with ethanol and chloroform. A
clean Whilelmy plate (0.75 × 1.3 cm) was attached to the microbalance and dipped into
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the aqueous subphase consisting of 1 mM MgCl2 solution. The composition of the lipid or
lipid/LPS mixtures are consistent with the ssNMR and NR experiments, and their relevant
acronyms are reported in Table 1. The lipid or lipid/LPS mixtures were reconstituted by
sonication in pure chloroform at a total concentration of 1 mg/mL (1.4 mM for DPPC and
0.75 mM for J5-20 and Eh-20 mixtures) producing an homogeneous suspension. For each
isotherm, enough lipid suspension (approximately 70 µL) was added dropwise to the cleaned
subphase surface in order to allow the monolayer to be formed and to reach its collapse point
upon compression. After allowing 10 min for solvent evaporation, pressure-area (P − A)
isotherms were measured during eight cycles of compression and expansion at a constant
barrier speed of 35 cm2/min whilst changes in surface pressure were constantly recorded and
the monolayer was compressed until its collapse point was reached.
The limiting molecular area for each monolayer was calculated from the P − A isotherm
from the tangent of the P − A isotherm at 30 mN/m. Since the monolayers were formed
by mixtures of lipids and LPS, the additive area per molecule rule was employed according
to Atot = A1 ·N1 + A2 ·N2 + An ·Nn . . ., where Atot is the area per molecule of the mix
whilst An and Nn are respectively the area per molecule and the molar percentage of each
component within the mixture. The compressibility modulus (ES) is calculated according to
the equation45,46
ES = −A
(
dpi
dA
)
(1)
where A is the area per molecule and dpi/dA is the slope of the isotherm at a defined surface
pressure. The plot ES vs surface pressure allows an appreciation of the effect of the addition
of 20 mol% of either EH100 or J5 LPS in h-DPPC monolayers.47 A liquid condensed state is
characterized by ES values within 100-250 mN/m whereas a solid state is characterized by
ES values above 250 mN/m.
48
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2.4 Brewster angle microscopy (BAM).
The Brewster angle microscopy (BAM) measurements were performed at the Partnership
for Soft Condensed Matter facility at the Institut Laue-Langevin (ILL) using an Accurion
Nanofilm EP3 Brewster angle microscope. Polarized light from a He-Ne laser was specularly
reflected from the air/liquid interface monolayer at the Brewster angle of 53◦ 49,50 and was
detected by a CCD on which images of the lateral structure of the interface were captured.
Each of the pure lipid or lipid/LPS monolayers tested were spread on a aqueous subphase
consisting of a 1 mM MgCl2 solution at 22
◦C , as previously described for the Langmuir
monolayer experiments. The film was compressed at a constant barrier speed of 35 cm2/min
and images where taken at surface pressures of 10, 15, 25 and 35 mN/m.
2.5 Interaction studies of LL37 and LFb peptides and mixed
DPPC/LPS monolayers.
The air/liquid interface monolayer technique was used to investigate the interaction of peptides
and mixed monolayers containing 80 mol% h-DPPC and 20 mol% of either Ra EH100 LPS
or Rc J5 LPS. The acronyms and compositions relevant to each monolayer are reported
in Table 1. The experiment was performed at 22◦C using the Nima PS4 surface pressure
microbalance with a 50 mm diameter fluorinated ethylene propylene (FEP) Petri dish (Welch
fluorocarbon Inc., Dover, U.K.) positioned on a magnetic stirring plate. The Petri dish was
filled with filtered 1 mM MgCl2 solution giving a final subphase volume of 15 mL. A 5 mm
magnetic stirring bar was placed into the subphase into which a Whilelmy plate attached to
the pressure sensor was dipped. Prior to monolayer deposition, a syringe containing 100 µL of
∼70µM peptide solution was fixed in position with its needle penetrating into the subphase
below its surface. Mixtures of LPS and lipid in chloroform were spread dropwise onto the
cleaned subphase surface until a pressure of approximately 32 mN/m was achieved. The
surface pressure was recorded with constant slow stirring of the subphase, with the magnet
speed set at its minimum in order to avoid a variation of pressure greater than 0.2 mN/m.
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The monolayer was allowed to equilibrate until the surface pressure reached a plateau before
carefully injecting the 100 µL of peptide solution into the subphase resulting in an excess
bulk concentration of peptides (approximately double the lipid concentration), in order to
ensure their interaction with the monolayer. The change in pressure over time was recorded
and the isotherms produced were fitted with a Hill equation y = Pmax · [tn/(kn + tn)] to
obtain kinetic parameters for the maximum change in pressure (Pmax), the Hill coefficient (n)
and the time needed to obtained half of the maximum increase in pressure (k). In particular
k is inversely proportional to the rate of pressure increment, hence lower values of k refer to
faster interactions with a monolayer.
2.6 Neutron reflectivity of mixed LPS/DPPC monolayers at the
air/liquid interface and their interaction with antimicrobial
peptides.
The experiments were performed on the FIGARO reflectometer beam line at the Institut
Laue Langevin high-flux reactor in Grenoble (France).51 A custom-made reduced-area Teflon
Langmuir trough with a 50 mL subphase volume was placed on an active, variable-height,
anti-vibration stage. After the initial alignment using neutrons, the height of the air-liquid
interface was automatically adjusted using a height alignment laser linked to the sample stage
to ensure that the neutron footprint remained on the sample throughout the measurements in
the eventuality of subphase evaporation. The incoming neutron beam had a usable wavelength
range between 2 A˚ and 20 A˚ and grazed the subphase from above at two incident angles
(0.624◦ and 3.78◦) to access a range of momentum transfer perpendicular to the surface (Qz)
from 0.007 to 0.4.
The NR measurements were carried out on mixed lipid/LPS monolayers composed of 20
mol% LPS and 80 mol% phospholipid, to be consistent with the previous experiments. The
Eh-20 and d-Eh-20 coded monolayers refer to mixtures containing respectively 80 mol% of
either h-DPPC or d62-DPPC and 20 mol% Ra EH100 LPS. The J5-20 and d-J5-20 coded
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monolayers refer to mixtures containing respectively 80 mol% of either h-DPPC or d62-DPPC
and 20 mol% Rc J5 LPS. Table 1 reports the acronyms for each monolayer used and their
composition. The choice of h-DPPC or d62-DPPC was dependent upon the desired isotopic
contrast. The chain-deuterated d62-DPPC was mixed with the LPS chemotypes to be used
with either D2O or air contrast matched water (ACMW) (8% v/v D2O in H2O ) subphase in
order to highlight the properties of the hydrogenated headgroups and the acyl chain region
of the monolayers, respectively. The h-DPPC was used on D2O subphase to focus on the
properties of the whole monolayer. Both D2O and ACMW subphases always contained 1
mM MgCl2 and all measurements were made at 22
◦C .
The monolayer mixtures were suspended in chloroform after extensive sonication and were
deposited dropwise onto a cleaned subphase using a micro-syringe (Hamilton Co. Europe,
Bonaduz, Switzerland). The chloroform was allowed to evaporate for 10 min and the
monolayers were compressed a constant rate of 15 cm2/min until a lateral pressure of 30
mN/m was achieved. The barriers were then kept fixed at a constant area and the monolayer
was allowed to equilibrate and reach a stable pressure, determined by the formation of a
plateau on the P − A isotherm. A concentrated peptide solution of either LL37 or LFb was
carefully injected into the subphase by the use of a small syringe to transfer the peptide into
the subphase resulting in a final peptide concentration of ∼1.6 µM. The interaction between
the peptides and the monolayer was allowed to progress by diffusion until a surface pressure
plateau was reached.
The acquisition of the NR profiles was performed during the post-interaction plateau phases
of the monolayers as defined by the P − A plot. The NR profile data for each monolayer
mixture with different isotopic contrasts in the absence or presence of either LL37 or LFb
peptides were reduced and the data from the different contrasts were simultaneously fitted
using a custom model in the RasCAL analysis software.52
For the purposes of data fitting, the interface was divided into layers consisting of a chain
region layer composed of the hydrophobic acyl chains only, an the inner headgroup layer
composed of the glucosamine (GlcN) and the 3-deoxy-D-mannooctulosonic acid (Kdo) residues
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of LPS together with the headgroup of DPPC, and the carbohydrates constituting the core of
the LPS beyond the Kdo residues were considered to form an outer headgroup layer (Figure
1). The amount of solvent present in the chain region, which was considered to be negligible,
together with the scattering length density (SLD) of the fully hydrogenated and mixed
hydrogenated/deuterated chains were all held constant during the analysis routine. The
calculation of the total SLD of the chains considered the ratio between the lipid (d62-DPPC
or h-DPPC) and the hydrogenated LPSs (respectively 80 to 20 molar ratio) and their relative
SLDs. It was found that the total SLDs of the fully hydrogenated and mixed H/D chain
regions were respectively −3.9× 10−7 and 5.88× 10−6 A˚−2 . Estimation of the SLDs of the
molecules used are reported in the Supporting Information.
3 Results
3.1 Solid state 2H NMR.
Solid state 2H NMR experiments were carried out on liposomes composed of pure h-DPPC/d62-
DPPC alone and mixed with either EH100 or J5 LPS in the designed Eh-20 and the J5-20
lipid/LPS mixtures at 45◦C in the presence of 1 mM MgCl2. The addition of the two LPS
chemotypes induced a limited broadening of the 2H NMR spectrum of h-DPPC (Figure 2 A)
suggesting the conferring of an ordering effect on the lipid bilayer above the Tm of DPPC.
The ordering effect induced by J5 LPS is of greater magnitude than the effect induced by
EH100 LPS, as shown by the smoothed order parameter SCD in Figure 2 C. Within the
bilayer, J5 LPS induces an ordering effect which is distributed along the carbon chains of
d62-DPPC, from the distal carbons to the ones closer to the headgroup. The influence of
EH100 LPS on the ordering of d62-DPPC chains is more subtle and it is mostly limited to
the carbons closer to the headgroup region.
The effect of the peptides LL37 and LFb on the order state of the bilayers at a lipid:peptide
molar ratio of 50:1 was investigated in the same conditions mentioned above. LL37 scarcely
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Figure 2: (A) 2H NMR analysis at 45◦C of the pure DPPC (black), Eh-20 (red) and J5-20
(blue) liposomes and in the presence or absence of the peptides LL37 and LFb (B) at a
lipid:peptide ratio of 50:1. Calculated smoothed order parameters (SCD) relative to profiles
for the corresponding LPS-free liposomes (C) and peptide-free liposomes (D).
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modifies the 2H NMR spectrum of the liposomes composed of the Eh-20 mixture, whereas
it induces more significant changes in the liposomes composed of the J5-20 mixture, with
an appreciable broadening of the powder spectrum of d62-DPPC (Figure 2 B) and a greater
deviation of the SCD values from the state without the presence of the peptides (“no effect”
line in Figure 2 D). The SCD plot in Figure 2 E shows that Eh-20 mixture order parameter
increases up to 1.05 upon addition of LL37 in the distal carbon of the chains, whilst the
J5-20 mixture signal in the presence of the peptide produced an increase of relative SCD of
the central carbon of the chains (up to 1.05) and a decrease (up to 0.70) in the distal carbon
of the chains (Figure 2 D).
The LFb peptide had no noticeable effects on the 2H NMR spectrum of the Eh-20 bilayer
and the modifications induced to the 2H NMR spectrum of J5-20 are less marked than the
LL37 case (Figure 2 B). The SCD profile of the Eh-20 liposomes in the absence or presence of
the peptide LFb at a lipid:peptide molar ratio of 50:1 are identical (Figure 2 E, Supporting
information). The increase of the relative SCD values of the J5-20 mixture bilayer in the
presence of LFb shows that the peptide induces a slightly increased ordering (up to 1.05) in
the bilayer at the central carbons and a disordered state (up to 0.90) at the carbons closer to
the centre of the bilayer (Figure 2 D).
For a comparison, the DPPC liposomes were challenged by the peptides LL37 and LFb at
the same conditions. LFb under the lipid:peptide ratio of 50:1 noticeably reduced the SCD
values of DPPC liposomes; the disordering effect was marked on the carbons closest to the
headgroup region (Figure 2 B, Supporting information). LL37 did not allow the formation of
liposomes when pre-mixed with the h-DPPC/d62-DPPC lipids; even at the lower peptide
concentration it was not possible to obtain a liposome pellet probably due to its detergent-like
activity.53 Though the bilayer disordering effects of LL37 and LFb are different, with LL37
markedly more potent, the effects of the two peptides on LPS containing liposomes are
consistent with previous studies which showed a greater cytoplasmic activity and lower MIC
of LL37.54 The data indicate that Ra EH100 may be more effective at protecting the bilayer
from the disordering effects of AMPs due to the steric hindrance of its larger headgroup or it
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may be less sensitive to the perturbation activity of AMPs due to its pre-existing ordered
state of the bilayer.55 These hypotheses were further examined in the interaction studies
using neutron reflectivity.
3.2 Langmuir monolayers at the air/liquid interface.
The P − A isotherms of pure h-DPPC and mixed monolayers containing 80 mol% h-DPPC
and 20 mol% of either LPS EH100 or LPS J5 on an aqueous subphase of 1 mM MgCl2 solution
at 22◦C , are shown in Figure 3 A whilst the values of the calculated area per molecule
of each component are reported in Table 2. The isotherms for pure h-DPPC obtained in
this experiment are comparable with those observed in previous experiments56 and present
the characteristic liquid expanded (LE) to liquid condensed (LC) phase transition occurring
below 10 mN/m in the presence of Mg2+ ions.57,58 In consideration of the additive rule for
the area per molecule within a mixed monolayer the resultant area per molecule of the single
components EH100 LPS and J5 LPS are thus respectively 175.1 and 119.7 A˚2 assuming ideal
mixing with the DPPC (Table 2). The addition of 20 mol% of either LPS EH100 (Eh-20
monolayer) or LPS J5 (J5-20 monolayer) to h-DPPC monolayers removed the LE-LC phase
transition of h-DPPC and the shape of the curve from the gaseous to a more condensed phase
is gradual (Figure 3 A) as observed in other experiments containing mixed h-DPPC/LPS
ratios.59,60 A detailed observation of the three isotherms (Figure 3 A) in the liquid condensed
Table 2: Area per molecule and compressibility modulus ES for each monolayer at 22
◦C at 30
mN/m lateral pressure on subphase of 1 mM MgCl2 solution and relative standard deviations
(calculated from at least 3 replicates).
Monolayer LPS type Area per molecule Compressibility modulus ES
(A˚2/molecule) (mN/m)
h-DPPC — 57.5 ±2.4 250 ± 45
J5-20 LPS J5 119.7 ±7.3 175 ± 38
Eh-20 LPS EH100 175.1 ±13.0 168 ± 12
phase, between ∼10 and ∼20 mN/m, shows that the LC phase of the h-DPPC isotherm
is steeper than the LC phase of the curves of the monolayers containing LPS, suggesting
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Figure 3: Monolayers at the air/liquid interface of DPPC, J5-20 and Eh-20 on subphase
containing 1 mM MgCl2 at 22
◦C (A) P −A isotherms. Inset: surface compressive modulus ES
of the same system at different pressure. (B) Monolayers cycled up to the target pressure of
40 mN/m. Inset: monolayers stability at constant barrier area over time. (C) Representative
curves of the interaction of LL37 and LFb peptides with monolayers after subphase injection
fitted with the Hill function (green or black lines). Injection into the subphase occurred at
Time=0. At least three sets of experiments for each system were recorded and the average
kinetic parameters were calculated and reported in Table 3.
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that in this phase the pure h-DPPC monolayer is less compressible while the addition of the
LPS chemotypes makes the film more fluid and elastic, as reported by lower compressibility
modulus (ES) values in Table 2. In the region of the LC-solid phase, at surface pressures
above 20 mN/m, the h-DPPC monolayer and the Eh-20 monolayer present a steeper isotherm
curve compared to the monolayer containing Rc J5 LPS, suggesting that during this phase
only, J5 LPS has a greater fluidizing effect on the h-DPPC monolayer.
The calculation of the surface compressional modulus (CS) from the isotherms allows a better
understanding of the compressibility of the monolayers and the effect of the addition of LPS
to h-DPPC films.45,46 Pure h-DPPC monolayers enter the liquid condensed state right above
the surface pressure of 10 mN/m and the rapid ES increase suggests a low compressibility of
this monolayer which reaches the condensed state at 30 mN/m pressure equivalent to the
lateral pressure of biological membranes.42 Both LPS chemotypes elicit a decrease in the
ES values of h-DPPC isotherms allowing the formation of a liquid expanded phase up to
the surface pressure of 25 mN/m, the pressure at which the monolayers entered the liquid
condensed state. Neither of the mixed monolayers Eh-20 and J5-20 show the formation of
a clear solid phase, according to the values of the compressibility modulus. This evidence
suggests a fluidizing effect of the LPSs on h-DPPC monolayers at 22◦C , despite the data
obtained from the isotherms which indicate the reaching of a more condensed state. The
disordering effect of LPS on h-DPPC monolayers has been observed before in LB experiments
with h-DPPC and smooth LPS60 and solid state NMR experiments containing h-DPPC and
rough LPS from E. coli, below the Tm of DPPC.
61 A detailed investigation of the curves
in the inset of Figure 3 A, despite the considerable variability of the data, shows that over
the surface pressure of 30 mN/m (Table 2) the compressibility of monolayers containing J5
is lower than the compressibility of monolayers containing EH100, something not apparent
from the direct observation of the isotherms. The data suggest that LPS J5 induce a greater
ordering effect of the DPPC monolayer compared to the LPS EH100.
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3.2.1 Stability study of monolayers at the air/liquid interface
In order to define the stability of the mixed monolayers composed of 80 mol% DPPC and 20
mol% of either EH100 or J5 LPS at 22◦C on an aqueous subphase of 1 mM MgCl2 solution,
the films were subjected to multiple cycles of compression and expansion and the surface
pressure was continuously recorded. The cycled isotherms of the mixed monolayers do not
overlay completely (Figure 3) and show the presence of some hysteresis, possibly caused
by the loss of lipid and LPS molecules into the subphase which results in a lower area per
molecule at high pressures. The monolayer stability under the same subphase conditions at
22◦C was studied at a constant surface area measuring the change in surface pressure over
time as well. The isotherms reported in the inset of Figure 3 B show that the monolayer
Eh-20 reached a final pressure of approximately 24 mN/m where it stabilizes within two hours,
whilst the J5-20 monolayer took longer to equilibrate to a final pressure of approximately 28
mN/m after more than three hours. The equilibration process may result from a combination
between the packing of the lipid and LPS molecules into a stable monolayer and a partial
loss of these materials into the subphase.
3.3 Brewster angle microscopy (BAM).
The BAM technique has been extensively used in qualitative studies of lipid monolayers62–64
as well as monolayers composed of Rc LPS from E. coli 65 and to investigate the insertion of
proteins into lipid films.66,67 In this study BAM images at 22◦C on water subphase containing
1 mM MgCl2 were taken at different lateral pressure for the monolayers h-DPPC, Eh-20
and J5-20 in order to investigate the structural modifications induced by the presence of 20
mol% of either EH100 or J5 LPS in h-DPPC films (Figure 4). The h-DPPC monolayer
developed the characteristic cluster pattern with the formation of white lobed-like domains of
lipids typical of the LE-LC transition state between 5 and 10 mN/m.63 The compression of
the h-DPPC monolayer over the LE-LC transition shows the aggregation of the condensed
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domains until, upon further compression above 14.5 mN/m, they disappear when the film is
compressed up to its solid phase. During the solid phase no islands are visible because the
repulsive forces between the different clusters are overcome by the lateral pressure and the
film presents a homogeneous surface.
The J5-20 monolayer (Figure 4) at a lateral pressure below 15 mN/m presents domains which
are probably formed by h-DPPC in the liquid condensed state, whereas the remainder of the
monolayer is still in a liquid expanded state (Figure 3 A). The presence of LPS J5 modified
the shape of the domains of h-DPPC suggesting a close interaction between the amphiphiles.
A similar effect was observed for Re LPS and h-DPPC monolayers in the presence of Ca2+,
using a fluorescence microscopy technique on monolayers at the air-water interface.59 Above 15
mN/m the film enters the liquid condensed phase and the image becomes more homogeneous,
but still some clusters are visible up to 35 mN/m. The existence of domains at every surface
pressure suggests that the J5-20 monolayer is in constant coexistence between two phases
corresponding to the absence of a defined phase transition of the P − A (Figure 3 A) and
in-line with the compressibility modulus calculations.
The Eh-20 monolayer is characterized by the absence of domains at low surface pressure
up to 10 mN/m, suggesting a homogeneous gas phase. This homogeneity may suggest that
EH100 has a fludizing effect on h-DPPC, removing completely the characteristic LC domains
of DPPC. The nucleation visible at 15 mN/m suggest the formation of a coexistent LE-LC
phase, which is maintained up to 35 mN/m. The actual shift of the phase transition of
h-DPPC towards higher pressure supports the hypothesis of a disordering effect of EH100
on the h-DPPC monolayer. The dashed white line on the picture of Eh-20 monolayer at 35
mN/m (Figure 4) highlights a possible rupture of the monolayer, indicating the proximity to
its collapse.
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Figure 4: BAM images of P − A isotherms at 22◦C on water subphase of 1 mM MgCl2
solution of pure h-DPPC, Eh-20 and J5-20 monolayers.
3.4 Interaction studies of LL37 and LFb peptides and mixed
DPPC/LPS monolayers.
The mixed h-DPPC/LPS monolayers spread on 1 mM MgCl2 solution at 22
◦C held at a
constant area per molecule were challenged by a subphase injection of the two peptides LL37
20
and LFb. The resultant changes in surface pressure of the monolayers were recorded and
the data monitored over time (Figure 3 C). The initial lateral pressures of the pure DPPC,
Eh-20 and J5-20 monolayers after equilibration were respectively 29±3 mN/m, 25±4 mN/m
and 28±2 mN/m. The curves were fitted with a Hill function and the parameters 1/k, Pmax
and n were calculated (Table 3).
The presence of 20 mol% of either EH100 or J5 LPS in the monolayer of h-DPPC allows for
a rapid binding of LL37, characterized by a linear increase in the surface pressure already in
the initial 5 minutes of interaction (Figure 3); the rate of surface pressure increase 1/k is
2.80e-3 and 5.3e-3 respectively for J5-20 and Eh-20 monolayers, hence the increase of surface
pressure induced by LL37 on Eh-20 monolayer is faster than in the case of the J5-20 monolayer
showing that the presence of Ra EH100 LPS results in a monolayer more accessible to the
penetration of the peptide. Nevertheless the standard deviation for the latter value should
be considered. For the same reason, LL37 induces a greater total surface pressure change in
the Eh-20 monolayer than in the J5-20 monolayer, as reported by the PMax values which
were respectively 18.42 and 11.24 mN/m. LL37 binds less with the monolayer composed of
pure h-DPPC (Figure 3 C) as revealed by a slow and gradual surface pressure change with
a 1/k rate value noticeably lower than the value in the presence of LPSs in the mixture;
the extent of the surface pressure modification is also lower and the Pmax reaches only 3.37
mN/m and approaches a plateau after one hour. The LFb peptide injection yields 1/k values
of 1.75e-3 and 2.43e-3 respectively for the J5-20 and Eh-20 monolayer (Table 3) suggesting a
faster initial interaction of LFb in the presence of the Ra EH-20 LPS, although the standard
deviation of the former parameter has to be considered. Interestingly the Pmax values for
the monolayers containing EH100 (17.42 mN/m) are slightly higher than for the monolayer
containing J5 LPS (15.56 mN/m) confirming the greater susceptibility to peptide penetration
of monolayers composed of EH100 LPS. LFb showed no interaction with h-DPPC, and the
monolayer pressure remained unchanged.
In general LFb seems to induce a greater Pmax change than LL37 on the J5-20 monolayer,
and the Eh-20 monolayer seems to be more susceptible than J5-20 to the penetrating activity
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of the peptides.
Table 3: Kinetic parameters and standard deviations obtained from the Hill plots of the
isotherm of the three monoayers at 22◦C on 1 mM MgCl2 solution after subphase injection of
either LL37 or LFb peptides. 1/k is proportional to the rate of pressure increment, Pmax is
the maximum pressure reached.
Parameters DPPC J5-20 Eh-20
LL37 Pmax (mN/m) 3.22 ± 1.41 11.24 ± 1.28 18.40 ± 1.26
1/k (min-1) 1.03e-3 ± 3.13e-4 2.80e-3 ± 2.3e-3 5.3e-3 ± 3.5e-3
n 3.37 ± 1.37 2.36 ± 0.59 1.29 ± 0.27
LFb Pmax (mN/m) — 15.56 ± 1.34 17.42 ± 0.11
1/k (min-1) — 1.7e-3 ± 1.4e-4 2.43e-3 ± 2.05e-4
n — 0.86 ± 0.17 0.88 ± 0.27
3.5 Neutron reflectivity of mixed LPS/DPPC monolayers at the
air/liquid interface and interaction with antimicrobial pep-
tides.
Air
Subphase
outer 
headgroup
inner 
headgroup
chain 
region 
Lipid:
LPS:
peptide 
layer 
~14 Å 
↕ 10 to 
15 Å 
↕ ~ 20 Å 
↕ 30 to 
320 Å 
Figure 5: Schematic diagram showing the molecular contents of the various monolayer sub-
division assumed in the NR data analysis. Peptide is shown distributed between the subphase
and each of the different headgroup layers.
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NR studies of the interaction of AMPs with LPS-containing monolayers provided a useful
and reliable method to assess the likely interaction and the extent of permeation capacity of
the peptides into Gram negative membrane mimetic systems.40,41,68
The fitting of the NR data (Figure 6 and 7) was constrained by fitting all the contrasts
for each particular LPS chemotype simultaneously and ensured the reproducibility of the
AMP/monolayer interaction. This approach ensured that the same amount of material was
present across all fits for a particular monolayer type, where peptide molecules were allowed
within the fit to replace water in the LPS head inner and outer region as well as forming a
layer underneath the monolayer. The monolayer was divided into contiguous layers as shown
schematically in Figure 5. The parameters obtained from this analysis of the NR data of the
bilayers Eh-20 and J5-20 in the absence or presence of the peptides, either LL37 or LFb, are
reported in Table 4.
The tail thickness values obtained for the mixed monolayers Eh-20 and J5-20 were both of
14 A˚, which is comparable with the thicknesses obtained from experiments carried out on
monolayers at the air/liquid interface of pure d62-DPPC (16 A˚)
69 and pure Rc J5 LPS (12
A˚).65 The tail-air roughness values suggest that the Rc J5 LPS induces the formation of a
more ordered monolayer compared to the Ra Eh100 LPS, in accordance with the NMR results
reported above. The similarity between the SLD profiles (Figure 6 and 7) in this region
obtained for the deuterated and hydrogenated chains in both contrasts, D2O and ACMW,
suggest a limited penetration of both the peptides in the chain region of the monolayers. For
the Eh-20 and J5-20 monolayers, the fitted thickness of the inner head group layer, taken to
include the DPPC head group and the GlcN and the Kdo moieties moieties of the LPS core
region (Figure 1), were 15 and 9.9 A˚ respectively. The data are comparable to the range set
by previously published values of the DPPC headgroup layer thickness (9.3 A˚) and the Rc J5
LPS inner headgroup layer thickness (14 A˚).65,69 Interestingly, the data gave no evidence of
LL37 within the inner head group region of the J5-20 monolayer but a significant amount
(14%), in this region in the Eh-20 monolayer. The converse was found to be the case for the
LFb peptide, with 41.7% in the inner head group region of the J5-20 monolayer and none
23
0 , 0 1 0 , 11 E - 7
1 E - 6
1 E - 5
1 E - 4
1 E - 3
0 , 0 1
0 , 1
1
Ref
lect
ivity
Q z  (  )
 d - E h - 2 0 / A C M W   F i t d - E h - 2 0 / A C M W  +  L L 3 7   F i t d - E h - 2 0 / A C M W  +  L F b   F i t
x 1 0
x 1 0 0
A
0 , 0 1 0 , 11 E - 7
1 E - 6
1 E - 5
1 E - 4
1 E - 3
0 , 0 1
0 , 1
1
1 0
1 0 0
Ref
lect
ivity
Q z  (  )
 d - E h - 2 0 / D 2 O   F i t d - E h - 2 0 / D 2 O  +  L L 3 7   F i t d - E h - 2 0 / D 2 O  +  L F b   F i t
x 1 0
x 1 0 0
B
0 , 0 1 0 , 11 E - 7
1 E - 6
1 E - 5
1 E - 4
1 E - 3
0 , 0 1
0 , 1
1
1 0
x 1 0
Ref
lect
ivity
Q z  (  )
 h - E h - 2 0 / D 2 O   F i t h - E h - 2 0 / D 2 O  +  L L 3 7   F i t
C
0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0
0 , 0
1 , 0 x 1
0 - 6
2 , 0 x 1
0 - 6
3 , 0 x 1
0 - 6
4 , 0 x 1
0 - 6
5 , 0 x 1
0 - 6
6 , 0 x 1
0 - 6
SLD
 (
)
D i s t a n c e  ( )
 d - E h - 2 0 / A C M W d - E h - 2 0 / A C M W  +  L L 3 7 d - E h - 2 0 / A C M W  +  L F b
A i r L i q u i d
D
0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0
0 , 01
, 0 x 1 0
- 62 , 0 x
1 0 - 6
3 , 0 x 1
0 - 64
, 0 x 1 0
- 65 , 0 x
1 0 - 6
6 , 0 x 1
0 - 6
SLD
 (
)
D i s t a n c e  ( )
 d - E h - 2 0 / D 2 O d - E h - 2 0 / D 2 O  +  L L 3 7 d - E h - 2 0 / D 2 O  +  L F b
A i r L i q u i d
E
0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0
0 , 01
, 0 x 1 0
- 62 , 0 x
1 0 - 6
3 , 0 x 1
0 - 64
, 0 x 1 0
- 65 , 0 x
1 0 - 6
6 , 0 x 1
0 - 6
SLD
 (
)
D i s t a n c e  ( )
 h - E h - 2 0 / D 2 O h - E h - 2 0 / D 2 O  +  L L 3 7
A i r L i q u i d
F
Figure 6: Neutron reflectivity and SLD profiles of deuterated Eh-20 monolayer on ACMW
subphase (A,D) and D2O subphase (B,E), and hydrogenated Eh-20 monolayer on D2O
subpahse (C,F). All the subphases applied contain 1 mM MgCl2 and the experiments are
carried out at 22◦C . The NR data are collected before and after subphase injection of either
LL37 or LFb peptides.
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Figure 7: Neutron reflectivity and SLD profiles of deuterated J5-20 monolayer on ACMW
subphase (A,D) and D2O subphase (B,E), and hydrogenated J5-20 monolayer on D2O
subpahse (C,F). All the subphases applied contain 1 mM MgCl2 and the experiments are
carried out at 22◦C . The NR data are collected before and after subphase injection of either
LL37 or LFb peptides.
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Table 4: Parameters obtained from the fitting of NR data of the mixed Eh-20 and J5-20
monolayers a the air/liquid interface at 22◦C in the absence and presence of the peptides,
either LL37 or LFb
Eh-20 + LL37 +LFb J5-20 + LL37 +LFb
Tail Ta (A˚) 14.0±0.8 14.0±0.4
Tail-Air Rb (A˚) 6.1±0.5 2.9±0.5
Inner Head T (A˚) 15.0±0.2 15.0±0.2
Inner Head
Cc
(%) 59.6±6.5 59.6±6.5
Peptide
Inner Head
(%) — 14.4±4.8 0.0±0.1 — 0.0±0.1 41.7±7.7
Inner Head
SLD
(A˚−2 )
x10-6
3±0.2 3±0.2 3±0.2 2.9±0.21 2.9±0.21 2.9±0.21
Outer Head
T
(A˚) 20.0±0.5 20.1±1.3
Outer Head
C
(%) 5.0±0.9 5.0±0.5
Peptide
Outer Head
(%) — 40.6±8.3 23.7±5.7 — 22.8±7.1 8.1±0.5
Outer Head
SLD
(A˚−2 )
x10-6
1.25±0.01 1.3±0.04
Inner Head R (A˚) 3.2±0.4 4.4±0.5
Head-Water
R
(A˚) 3.4±1.0 — — 3.0±1.4 — —
Head-
Peptide
R
(A˚) — 16.2±2.1 3.1±0.3 — 3.0±2.2 21.9±4.9
Peptide
Layer T
(A˚) — 261.7±50.2 30.5±2.7 — 323.4±60.1 98.7±21.3
Peptide
Layer C
(%) — 19.3±4.9 12.7±7.2 — 13.9±10.2 5.9±3.6
Peptide
Layer R
(A˚) — 80.0±3.2 19.3±9.9 — 79.0±1.6 57.4±34.0
Peptide SLD
(A˚−2 )
x10-6
— 4.5±0.01 4.1±0.01 — 4.5±0.01 4.1±0.01
a T=thickness; b R=roughness; c C=coverage.
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found in the head group layer of the Eh-20 monolayer (Table 4). These findings accord with
those from the interaction studies reported above. The outer headgroup layer thicknesses
for the Eh-20 and J5-20 monolayers were respectively 20 and 20.1 A˚. The headgroup layer
thickness of the monolayer containing EH100 LPS was lower than the corresponding layer
thickness value of 31 A˚ obtained from the NR investigation of asymmetric bilayers composed
of DPPC and EH100 LPS70 whereas the J5 LPS headgroup thickness was in agreement with
published data by the same group.70 In this region the presence of LL37 is more pronounced
in both Eh-20 and J5-20 monolayers (respectively 40.6% and 22.81% presence) compared
to the LFb peptide (22.81% and 8.1 %). Consistently with the adsorption studies both
peptides seem to interact more with the Eh-20 than the J5-20 monolayer. LL37 shows a
stronger perturbation of the monolayers containing Ra EH100 LPS, whereas LFb seems to
have a greater effect than LL37 the monolayer containing Rc J5-20 LPS. The LL37 creates
thicker and rougher peptide layers underneath both Eh-20 and J5-20 monolayers (Table 4),
compared to LFb. LL37 forms oligomers which interact with membranes containing anionic
lipids, however its activity is attenuated against more ordered lipid bilayers.14 There is no
evidence for the formation of aggregates or oligomers by LFb and this process has so far only
been postulated by Hwang.71 These experiments suggest that both peptides form peptide
layers underneath the monolayers which may affect their interaction with the system. The
absence of LL37 peptide in the Inner headgroup region of J5-20 monolayer may result from
its confinement in the thick peptide layer, which slows down and reduces the partitioning of
the peptide in the headgroup region. Whereas LFb, by forming a thinner peptide layer, is
more available in the bulk and hence, without the steric hindrance provided by the extra
outer sugar residues otherwise present in the Eh-20 monolayer, it acts more efficiently in the
inner headgroup region of J5-20 and induces a rougher Headgroup-Peptide layer interface
(21.9 A˚) compared to LL37 (only 3.0 A˚).
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4 Discussion
The experiments performed for this study on mixtures of 80% d62-DPPC and 20% Rough
LPS, either Ra EH100 or Rc J5 LPS, showed that in bilayers LPS increases the order of
DPPC hydrocarbon chains above its Tm (41
◦C ) when the bilayer is in the fluid phase;
whereas when the DPPC chains are more ordered, below their Tm, LPS exerts a disordering
effect on the chain packing, by increasing the fluidity of the monolayer.59–61 In this regard
the mixed DPPC/LPS monolayers at 22◦C , at a surface pressure of 30 mN/m on a subphase
containing MgCl2 showed a reduction of the ES (Table 2) compared to the pure DPPC
monolayer. The BAM experiments carried out at 22◦C on monolayer systems showed how
both LPS types abolished the typical DPPC LE-LC transition at low surface pressure
possibly due to their fluidizing effect. However J5 partially allowed the formation of DPPC
domains (or clusters) suggesting a coexistence of phases whereas EH100, due to its greater
disordering effect, homogenised the mixed monolayer into a gas phase with no clusters. The
LB experiments indicate that Rc J5 LPS induced a relatively higher ordering of the DPPC
acyl chains, compared to the Ra EH100 LPS, in accordance with the neutron reflectivity
studies presented here which showed that the monolayer containing LPS J5 possessed a lower
roughness (Tail-Air roughness value). These findings and previous experiments carried out on
different pure LPS chemotypes using FT-IR72 and molecular dynamic simulations,73 suggest
that a shorter oligosaccharide region of LPS may induce a higher ordered state on DPPC
acyl chains, thus increasing the stability of the OM mimetic. The disordering effect of the
EH100 is most likely due to increased lateral repulsion between the LPS headgroups, which
will be proportional to the length of the oligosaccharide moiety.4 However, in the natural
OM, where the phosphate groups of the LPS inner core region are assumed to be cross-linked
by Mg2+ ions4,72 this is likely to have a stabilising effect which compensates for the repulsion
between adjacent oligosaccharide headgroups. Although this highlights a limitation in our
DPPC-stabilised planar model, our results are nevertheless consistent with previous studies
stressing the importance of balancing the steric and electrostatic forces within the OM for
the maintenance of its stability and reduced permeability.5
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The more fluid monolayers containing either Ra EH100 or Rc J5 LPS allow a stronger binding
of the peptides LL37 and LFb than the ordered monolayer containing pure h-DPPC. The
stronger fluidizing effect of LPS EH100 allowed a greater peptide interaction compared to
the systems containing LPS J5, resulting in greater maximum change in surface pressure
(Pmax). Interestingly the model applied to the NR data indicates that both peptides form a
layer underneath the monolayer, with LL37 forming a thicker peptide layer than LFb. The
peptide layers formed by LL37 and LFb are thicker in the presence of the J5 LPS-containing
monolayer. Because of their defined facial amphiphilicity, α-helical peptides are cosidered to
be stronger membrane-active agents,12 hence LL37 initially binds to the negative charges
presented by the LPS at the interface of the membrane and is then likely to penetrate into
the chain region via its hydrophobic face, evidence for which is provided by it interacting
more readily with all the monolayers tested than LFb does. LFb seems to possess a similar
rate of binding with both EH100 or J5 LPS-containing monolayers. However the peptide
shows a greater magnitude of change of pressure Pmax for the Eh-20 monolayer confirming the
greater susceptibility of this models compared to J5-20. The LFb peptide layer coverage and
thickness (Table 4) on the J5-20 monolayer are higher than on the Eh-20 monolayer hence,
for this region, the extent of the pressure change possibly results from a greater concentration
at the interfacial region of the model. In fact the percentage of LFb peptide in the inner
headgroup of J5-20 is greater than the percentage of LL37 in this same region, hence this
may explain the higher change of pressure measured in the monolayer interaction studies.
Possibly the more structured J5 LPS-containing monolayer, compared to the EH100, is more
resistant to the penetration of LFb and LL37, which accumulate in a thicker peptide layer in
proximity to the interface.
The very high concentration of peptide used in the monolayer studies (the lipid:peptide
ratio being around 1:2), made necessary by the large aqueous bulk volumes, would promote
the interaction of both peptides with the monolayers through electrostatic forces. At such
concentrations the subtleties of the possible differential mechanisms of the peptides are not
clearly distinct, but it is nevertheless interesting to speculate that the LFb interactions with
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the LPS headgroups in the monolayers are favoured because of a concentration-dependent
aggregation of the LL3771 which sequesters it in the adjacent peptide layer observed in the
NR experiments. In the ssNMR experiments, where the peptide is at very low concentrations,
a differential effect is more noticeable. At the lipid:peptide ratio of 50:1, LL37 has a greater
disordering effect on the lipid chains and is therefore more likely to have penetrated into the
hydrophobic region of the bilayers than the LFb. The evidence from this study suggests that
LFb is less active because it is more likely to localise in the headgroup region of the OM than
to penetrate into the bilayer core, and therefore requires a greater concentration in order to
induce packing stress and possibly OM perturbation via pore formation.16,25
The apparent discrepancies between the results of the NMR and NR studies, serve to highlight
some limitations of our model systems, necessitated by our need for stable planar systems for
NR. Not the least of these is the fact that the naturally occurring outer membrane contains
a limited amount of phosphatidylethanolamines (PE), rather than the phosphatidylcholine
incorporated in our systems.5 The intrinsic curvature of the bacterial OM is not represented
in our planar systems since we considered that the requirement for a stable monolayer was
more essential. Moreover such curvature effect can be neglected when the bilayer system
(OM of a cell or a vesicle) is large and can be comparable to a planar system such as a
monolayer.68 In this regard the models used in this investigation are a compromise in terms
of stability and neutrality of the supporting lipid (DPPC), which allowed us to focus solely
on the putative charge and steric properties of LPS.
5 Conclusion.
The experiments presented in this study aimed to assess the interactive capacity of LL37 and
LFb antimicrobial peptides with models of the outer membrane of Gram negative bacteria
composed of DPPC and two different rough chemotypes of LPS. Both the amphiphilic,
cationic peptides would be expected to interact with the membrane models by electrostatic
attraction to the negative charge of LPS, a by product of which could was the formation
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of peptide layers in the vicinity of the interface. The model systems containing the Ra
EH100 chemotype of LPS were more susceptible to the activity of LL37 and LFb, than
those containing Rc J5, hence a longer core region of the LPS does not seem to provide
any greater steric shielding effect in the models we have investigated. Overall our results
suggest a deeper penetration of LL37 into the hydrophobic regions of our model systems,
whereas LFb localises more in the interfacial region. Biologically this evidence could explain
the variable susceptibility of Gram-negative bacteria towards LL37 and LFb, although the
naturally occurring OM, with the lipidic component of the outer leaflet comprised mostly of
pure LPS,3,5 might present different physico-chemical properties which affect their activity in
vivo. It is certain that the interaction of LL37 and LFb peptides is highly dependent upon
the structure of the LPSs included in the models determining the binding mechanism of
AMPs to the bacterial OM. These results show the benefits of the application of the Gram
negative bacteria OM model which includes the presence of lipopolysaccharide; this more
closely biomimetic model should increase our knowledge of the mechanism of action of AMPs.
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